Bacterial genomes encode an extensive range of respiratory enzymes that enable respiratory metabolism with a diverse group of reducing and oxidizing substrates under both aerobic and anaerobic growth conditions. An important class of enzymes that contributes to this broad diversity is the complex iron-sulfur molybdoenzyme (CISM) family. The architecture of this class comprises the following subunits. (i) A molybdo-bis (pyranopterin guanine dinucleotide) (Mo-bisPGD) cofactor-containing catalytic subunit that also contains a cubane [Fe-S] 
Archetypal enzymes of modular design
Respiratory electron transfer chain enzymes are absolutely essential for the exploitation of the diversity of ecological niches on Earth. Bacteria are found in all of these niches and are able to exploit a vast array of growth conditions, including highly oxidizing and reducing conditions, extremes of high and low temperatures, alkalinity and acidity, and even high levels of ionizing radiation. An essential factor in the success of the plethora of bacterial species in comparison with eukaryotes is their broad metabolic diversity. This is based on genomes that encode enzymes able to catalyze a remarkable range of substrate interconversions. An important subset of these involve redox reactions, and many of the enzymes responsible are constituents of highly flexible respiratory chains that have core components embedded in the cytoplasmic membrane. Importantly, many of these enzymes allow growth on a variety of reducing and oxidizing substrates under both aerobic and anaerobic growth conditions [1] [2] [3] [4] . This allows exploitation of environments containing a range of potential terminal electron donors and acceptors. A group of enzymes that play a pivotal role in supporting this respiratory diversity is the complex iron-sulfur molybdoenzyme (CISM) family. This review focuses on describing this family and its functional and evolutionary relationships with a plethora of redox enzyme systems.
An archetypal CISM has an overall structure comprising three subunits with the following general characteristics (Fig. 1 ) [5] [6] [7] [8] [9] . (i) A molybdo-bis(pyranopterin guanine dinucleotide) (Mo-bisPGD, Table 1 ) containing catalytic subunit that also contains a [4Fe-4S] cluster known as FS0. (ii) An electron transfer subunit that typically contains four cubane [Fe-S] clusters known as FS1 to FS4 in sequence leading away from the Mo-bisPGD cofactor. This subunit is referred to as the fourcluster protein (FCP) subunit. Because they are able to catalyze soluble substrate interconversions in the presence artificial electron donors or acceptors, the catalytic and FCP subunits are often referred to as the catalytic dimer. (iii) A membrane anchor protein (MAP) that may or may not contain heme. The MAP subunit functions both to anchor the catalytic and FCP subunits to the cytoplasmic membrane and to provide the CISM with a redox-active quinol/quinone-binding site (Q-site; Fig. 1A ). The [4Fe-4S] cluster of the catalytic subunit (FS0) and the four cubane clusters of the FCP (FS1-FS4) comprise an electron transfer relay (ETR) that shuttles electrons between the site of oxo-transfer and/or redox catalysis at the Mo-bisPGD active site and the site of quinone/quinol interconversion at the membraneintrinsic Q-site (Fig. 1B) . Thus, the archetypal CISM couples the unique redox and catalytic properties of the Mo-bisPGD cofactor to the versatile electron sink provided by the membrane-intrinsic quinone pool (the Q-pool). Importantly, in the context of this review, the overall structures of members of the CISM family are of a modular design, elements of which appear in a wide range of enzymes that are responsible for multiple levels of diversity within bacterial metabolomes.
One intriguing aspect of the CISM family is the variability of the orientation of the catalytic and FCP subunits with respect to the cytoplasmic membrane. This is dependent on the presence of a twin arginine translocase leader (tat leader) sequence at the N-terminus of the catalytic subunit that can direct the catalytic and FCP subunits to the periplasmic compartment via the tat translocon [10] [11] [12] . In this context, the FCP subunit is referred to as a "passenger protein". In CISM enzymes that lack a tat leader, the catalytic and FCP subunits are targeted to the inner surface of the cytoplasmic membrane. One consequence of this is that a complete respiratory chain can comprise two members of the CISM family with their catalytic dimers having opposite orientations with respect to the cytoplasmic membrane that are redox-coupled by the Q-pool. An example of this is the proton translocating respiratory chain comprising the archetypal Escherichia coli CISMs formate dehydrogenase N (FdnGHI) and nitrate reductase A (NarGHI) (Fig. 2 ). These enzymes have had their structures solved by X-ray crystallography [5, 8, 9] , and in combination they embody the concept of proton translocation by a redox loop mechanism as originally proposed by Peter Mitchell [13] . Proton translocation is achieved via the scalar distribution of proton releasing and proton-consuming redox reactions across the energy-conserving membrane. For Fig. 1 . Nitrate reductase A: an archetypal CISM. The three subunits of NarGHI (A) provide a molecular scaffold for two substrate binding sites and for the electron transferring relay that connects them (B). Structural representations of the PDB file 1Q16 [9] were rendered using the PYMOL molecular visualization package (DeLano Scientific LLC, Palo Alto, CA). Table 1 Mononuclear molybdenum cofactor nomenclature Cofactor abbreviation
Generic identification Comments

MoCo
Molybdenum cofactor Generic term for the mononuclear molybdenum cofactor.
Mo-MPT
Mo-molybdopterin The original structure proposed by Johnson and coworkers [29, 30] . Not yet observed in an enzyme structure.
Mo-PPT
Mo-pyranopterin The most common eukaryotic form containing a tricyclic pterin, for example, in sulfite oxidase. Mo-bisPPT Mo-bisPyranopterin A form found in archeal aldehyde oxidoreductase, often with tungsten substituted for the Mo [184] . Mo-bisPGD Mo-bis(pyranopterin guanine dinucleotide)
The common prokaryotic form originally revealed by the structure of Rhodobacter DMSO reductase [14, 15] and many other enzymes. Formerly referred to as Mo-bisMGD (Mo-bis (molybdopterin guanine dinucleotide).
PGD-Mo-MGD (Molybdopterin guanine dinucleotide)-Mo-PGD
The form found in NarGHI [9] . The MGD pterin may exist in an equilibrium with the PGD form. For the sake of brevity, it will be referred to as Mo-bisPGD herein.
The structures of a large number of enzymes containing various forms of the mononuclear molybdenum cofactor molybdoenzyme structures have become available in the last decade [35] . These structures provide an opportunity to clarify the nomenclature used to describe the various forms of the mononuclear molybdenum cofactor.
example, in the case of the quinone redox chemistry catalyzed by these enzymes, FdnGHI catalyzes a proton-consuming quinone reduction on the cytoplasmic side of the membrane, whereas NarGHI catalyzes a proton-releasing quinol oxidation on the periplasmic side of the membrane. In the case of the soluble substrate redox chemistry, formate is oxidized in a proton-yielding reaction at a periplasmically localized active site, whereas nitrate is reduced in a proton-consuming reaction at a cytoplasmically localized active site (Fig. 2) . These reactions clearly result in net proton translocation from the cytoplasm to the periplasm, contributing to the proton electrochemical potential across the cytoplasmic membrane.
Modularity of the CISM archetypes
Archetypes of the CISM family include enzymes that reduce substrates such as nitrate, S-oxides, N-oxides, thiosulfate, tetrathionate, and polysulfide, and enzymes that oxidize formate in a wide range of species (Table 2A) , contributing significantly to the remarkable metabolic diversity of the bacterial and archaeal domains of life (Section 6). Each of these enzymes catalyzes a redox reaction at a Mo-bisPGD cofactor (Fig. 3 , Table 1 ) coordinated by the catalytic subunit. Emerging structural data have revealed intriguing differences between the catalytic, FCP, and MAP subunits of these enzymes.
Structural diversity of the catalytic subunits
The catalytic subunit provides three functionalities to the archetypal CISM: (i) a molecular scaffold for the complex and highly labile Mo-bisPGD cofactor (Fig. 3) ; (ii) a substrate binding funnel allowing facile substrate entry and egress to and from the site of catalysis at the crucial Mo atom; and (iii) the segment of the ETR incorporating the FS0 [4Fe-4S] cluster leading to or from the [Fe-S] clusters of the FCP.
The architecture of the molecular scaffold of the CISM catalytic subunit is similar to that of the periplasmic DMSO reductases (DorA) of Rhodobacter capsulatus and R. sphaeroides [14, 15] . The structure of the latter can be considered as the core structure of the catalytic subunits of the entire CISM family. DorA is arranged in four domains (I-IV) surrounding the Mo-bisPGD binding pocket [16] . Domains I, II, and III surround the active site funnel that leads to the site of DMSO reduction at the Mo atom. Domain IV lies beneath the MobisPGD cofactor. Typically, the catalytic subunits of the CISM family have the following additional structural and functional features: (i) an additional domain of variable size, Domain V, that plays an essential role in defining the substrate binding funnel; (ii) an N-terminal Cys group located in Domain I that provides coordination to the [Fe-S] cluster (FS0) of the ETR that is closest to the Mo-bisPGD cofactor. This cluster and Fig. 2 . Proton translocation by a redox loop mechanism. The formate:nitrate respiratory chain translocates protons via a mechanism involving scalar redox chemistry. The figure was prepared as described for Fig. 1 using the PDB files 1Q16 (NarGHI) and 1KQF (FdnGHI [8] ).
its associated Cys residues are absent in the periplasmic DMSO and TMAO reductases (DorA and TorA).
An important feature of the domains of the CISM catalytic subunit is their largely non-contiguous location within the primary protein sequence (Fig. 4A ). This complex architecture is evolutionarily derived from a currently untraceable series of gene insertion/duplication events. Secondary structure matching (SSM) analyses [17] can provide insights into the differences between DorA-like subunits and archetypal CISM catalytic subunits such as NarG or FdnG. Fig. 4B shows the results of an SSM analysis comparing NarG with DorA and E. coli FdnG. Structural overlap between NarG and DorA encompasses 602 residues with an rmsd of 2.75 Å, representing 45% and 77% of the total residues, respectively. Comparison of the structures of NarG and FdnG reveals that 621 residues align with an rmsd of 2.37 Å, representing 50% and 63% of the total residues, respectively. Much of the sequence of NarG that does not align structurally with that of DorA is located within the non-contiguous Domain V and plays a significant role in defining the much narrower substrate binding funnel of NarG in comparison with that of DorA (Fig. 5) . As is also the case for the FCP subunit (NarH, see Section 2.2), much of this sequence, both that of Domain V and elsewhere, is located on the surface of the heterotrimeric holoenzyme [9] .
Given the large amount of protein synthesis involved in generating the additional surface-localized subdomains of NarG and NarH, it is unlikely that these arose merely by chance. In the case of the extra sequence located in Domain V of NarG, it is possible that its role is to modulate substrate specificity towards nitrate and the very small number of oxyanions that have been identified as substrates [18] [19] [20] , including nitrate, bromate, (Fig. 5) , and displays a relatively broad substrate specificity towards S-and N-oxides [21] [22] [23] . Likewise, although its structure is not yet known, the membrane-bound CISM DMSO reductase from E. coli (DmsABC) is also predicted to lack Domain V and it retains the broad substrate specificity of DorA [24, 25] . The additional surface-localized subdomains of NarG (and NarH) could be an evolutionary adaptation to the reactive nitrogen species that are intermediates of the global nitrogen cycle [26, 27] . It is well known, for example, that nitric oxide can seriously deplete the [Fe-S] content of mitochondrial respiratory chain complexes [28] . NarG and FdnG each contain two antiparallel pterins, each covalently linked by a phosphodiester bond to a guanine nucleotide (Table 1 ; Fig. 3 ) [7] [8] [9] . The pterin proximal to the FS0 [4Fe-4S] cluster is termed the P-pterin, and the one distal to it is termed the Q-pterin. In the case of FdnG [8] , both pterins have a tricyclic pyranopterin structure (Fig. 3) that is a modification of the molybdopterin structure originally proposed by Rajagopalan and coworkers [29] [30] [31] . This is the form of the cofactor identified in the structures of DorA [14, 15] , the periplasmic nitrate reductases (NapA) from R. sphaeroides [32] and Desulfovibrio desulfuricans [33] , E. coli formate dehydrogenase H (FdhF) [34] , and in a range of molybdoenzymes containing the bis-guanine dinucleotide form of the cofactor. Thus, in the vast majority of enzymes structurally characterized to date, the cofactor is in the form of a molybdo-bis(pyranopterin guanine dinucleotide) (Mo-bisPGD) [35] [36] [37] (Fig. 3) . This emerging homogeneity of chemical structure has been confounded by structural analysis of the cofactor in NarGHI, which reveals it to have a PGD-Mo-MGD structure (Table 1) [9] . In this case, the P-pterin is a pyranopterin, and the Q-pterin is a molybdopterin. The molybdopterin structure of the Q-pterin appears to be stabilized by hydrogen bonds between the free hydroxyl of the open pyran ring and the absolutely conserved NarG-S719 and NarG-H1163 residues. It has been speculated that pyran ring opening and closing may play a role in catalysis, perhaps aiding proton translocation to the site of nitrate reduction at the redox-active Mo atom [9, 37, 38] . It has also been noted that the cofactor in ethylbenzene dehydrogenase (EbdABC) from Aromatoleum aromaticum also has a PGDMo-MGD structure [39] , and in this case the residues stabilizing the open pyran ring are an Arg (EbdA-R612) and a His (EbdA- Fig. 3 . Common forms of the mononuclear molybdenum cofactor. Two forms of the molybdenum cofactor found in Escherichia coli (A, B) and the bicyclic form of the Q-pterin found in the catalytic subunit of NarG (C). The "G" in the green box represents the guanine nucleotide. H855). EbdABC is not an archetypal CISM and is discussed in more detail in Section 3.1.
The Mo coordination environment of the CISM catalytic subunits comprises the four dithiolene sulfurs of the two pterins, a protein-Mo ligand that is typically a Ser, selenocysteine (Sec), or Cys, and a hydroxyl or an oxo group [35, 36, 38] . The protein-Mo ligand of NarG is provided by the carboxylate sidechain of an Asp residue (NarG-D222). This appears to be able to coordinate the Mo via both carboxylate oxygens in a bidentate manner [9] , or via a single carboxylate oxygen and a separate oxo group [7] . Because of the limitations of X-ray crystallographic analyses of large multisubunit enzymes such as NarGHI, clarification of the Mo coordination environment will require complementary analyses using techniques such as EXAFS (extended X-ray absorption fine structure) and EPR (electron paramagnetic resonance) spectroscopies of the wildtype and mutant enzymes. The coordination environments of other Mo-bisPGD containing enzymes have been extensively reviewed and will not be covered herein [35, 36, 38] . Domain I sequences of the CISM catalytic subunits generally contain either four Cys residues or three Cys residues and one His residue [40] [41] [42] . Original speculation that in each of the CISM enzymes these residues coordinate a [4Fe-4S] cluster (FS0) was vindicated by the emergence of the structures of NarGHI and FdnGHI. In the case of NarGHI, EPR studies indicated that the reduced FS0 cluster exists in an S = 3/2 (high spin) ground state and has a midpoint potential (E m ) of approximately − 55 mV [43] . As a result of its unusual spin state, its EPR spectrum is observed between g = 5.02 and 5.56, rather than comprising features clustered around approximately g = 1.94, as is the case with typical [4Fe-4S] clusters with an S = 1/2 (low spin) ground state.
Of the known CISM enzymes, only two, NarGHI and DmsABC, have been subjected to intense scrutiny by EPR spectroscopy . In the case of DmsABC, no direct EPR evidence has been obtained for the presence of an FS0 cluster, and, as yet, there is no structure available. However, there is a strong EPR-detectable spin-spin interaction between the Mo atom of the cofactor and a nearby paramagnetic center which has an E m of approximately − 140 mV [57, 62] . Originally, it was suggested that this interaction occurs between the Mo and one of the four [4Fe-4S] clusters of DmsB, whose E m values are approximately − 240 mV (FS1), − 330 mV (FS2), − 120 mV (FS3), and − 50 mV (FS4) (Fig. 6) , with FS3 (E m = − 120 mV) being the prime candidate for being the interacting cluster [57, 61] . However, the emergence of the structures of FdnGHI and NarGHI renders a Mo-FS3 interaction highly implausible because of the large intercenter distance involved (∼ 40 Å in the case of the structure of FdnGHI). Re-examination of the data in [14] ) or FdnG (PDB code 1KQF [8] ). Segments shown in white are absent from DorA or FdnG. Note the almost complete absence of Domain V from DorA and its partial absence from FdnG. Secondary structure matching was performed using the EBI SSM server at (http://www.ebi.ac.uk) [17] . Fig. 5 . Comparison of the substrate binding funnels of Escherichia coli NarGHI (A) and Rhodobacter DorA (B). Note that in both cases the Mo-bisPGD cofactor is shown for reference purposes only and that the guanine nucleotide visible in panel B is above the observed substrate funnel. Images were rendered from PDB files 1Q16 [9] and 1DMS [14] using the PYMOL molecular visualization package.
this context suggests the presence of an additional cluster (FS0) in DmsA having an E m of approximately − 140 mV. A second line of evidence for the presence of an FS0 cluster in DmsA is based on the observation by EPR of a [3Fe-4S] cluster in this subunit when the second Cys (DmsA-C67) residue of the Cys group is mutated to either a Ser or Ala residue [41] . The [3Fe-4S] cluster of a DmsA-C67S mutant has an E m of approximately + 170 mV [41] , which can be predicted empirically to be approximately 300 mV higher than that of a [4Fe-4S] cluster in a similar overall coordination environment [61, 64] , resulting in an estimated E m for FS0 of approximately − 130 mV, which is consistent with the assertion that FS0 is the species observed interacting with the Mo(V) of the Mo-bisPGD cofactor. It is likely that the FS0 cluster of DmsA is recalcitrant to EPR detection in the wild-type enzyme, possibly due to it having a high spin (S = 3/2) ground state in its reduced form. Alternatively, its spectrum may simply be too broad for it to be detected under the EPR instrument conditions used to date.
EPR spectra with conventional features around g = 2 have been recorded for FS0 clusters in close relatives of the CISM catalytic subunits, such as the periplasmic nitrate reductase (NapA) and the formate dehydrogenase H (FdhF) catalytic subunit of the formate hydrogen lyase complex [65, 66] . The consensus sequence for the FS0 coordinating Cys group is (C A /H A )x 2-3 C B x 3 C C x 27-34 C D x(K/R) [41] , and it is notable that examples of FS0 with a low spin ground state have a Cys at the C A position and two residues between C A and C B , whereas the one example of FS0 that has been demonstrated to have a high spin ground state has a His at the C A position followed by three residues between this His and C B [43] . In the case of DmsA where FS0 has not yet been observed by EPR in its [4Fe-4S] cluster form, the C A Cys residue is retained, but the spacing between C A and C B is, as in the case of NarG, three residues rather than two. It is also notable that a CISM-related enzyme, dimethylsulfide dehydrogenase (DdhABC) from Rhodovulum sulfidophilum also appears to have an FS0 cluster with a coordinating Cys group similar to that of NarG (with a His at the C A position) and this cluster may also have a high-spin ground state [67, 68] . At the present time there is a general paucity of available EPR data on FS0 clusters in CISM-type catalytic subunits other than those mentioned briefly above.
One question of fundamental importance surrounding electron transfer through the CISM type enzymes to or from the catalytic subunits is the identification of the precise pathway of electron transfer. Dutton and co-workers have developed theoretical models that predict intercenter electron transfer rates [69] [70] [71] . A couple of aspects of these models are intriguing. (i) The effective edge-to-edge distance limit for kinetically competent electron transfer appears to be approximately 14 Å.
(ii) Components of the electron transfer relay (ETR) with unusually low E m values do not necessarily impose a rate-limiting step upon overall catalysis. Active site catalysis involving obligatory chemical rearrangements in almost every case imposes the upper limit on enzyme turnover rate. (iii) The model for intercenter electron transfer treats the intercenter milieu as a conductor with a generalized "packing density". Given the complexities of protein structure this latter assumption appears reasonable in terms of simplifying the model. However, other studies suggest that specific bond-orbital electron transfer routes may exist between ETR components and that these have been selected for during evolution [72] . In the case of the CISM catalytic subunits, two studies have provided data that can be interpreted to support the specific electron transfer pathway model. In the case of DmsABC, mutagenesis of a highly conserved Arg residue that is predicted to be located between FS0 and PGD-P results in an enzyme that is unable to support growth on DMSO and has minimal menaquinol:DMSO oxidoreductase activity [40] . Interestingly, in this mutant enzyme (a DmsA-R61S mutant) the spin-spin interaction between the paramagnetic Mo(V) of the Mo-bisPGD cofactor and FS0 is eliminated [62] , consistent with the pathway of this interaction being similar to that of electron transfer between the two centers. In the periplasmic nitrate reductase (NapA) from Ralstonia eutropha, mutagenesis of the residue equivalent to DmsA-R61, NapA-K56, also results in a dramatic decrease in catalytic turnover [73] . Although the total extent of the mutant effects on both DmsABC and NapA -secondary effects on the FS0 and Mo E m values for example -is not currently known, it appears likely that the pathway of electron transfer between FS0 and the Mo-bisPGD cofactor does depend on the presence of specific amino acid residues. We anticipate that these issues will soon be resolved using a combination of site-directed mutagenesis, redox potentiometry, enzymology, and protein crystallography.
An important additional feature of the catalytic subunits of the CISM archetypes is the relationship between the presence of a twin arginine translocase leader (tat leader) at the N-terminus of the immature catalytic subunit and the final subcellular location of the mature catalytic dimer with respect to the cytoplasmic membrane [10] [11] [12] . When present, the leader sequence targets the catalytic and FCP subunits of the CISM archetypes to the periplasmic compartment, where they associate with their respective MAP subunits on the outer surface of the cytoplasmic membrane. Recently, it has been proposed that the N-terminus of NarG retains a sequence motif that resembles that of a tat leader [74] . This vestigial leader is uncleaved in the mature NarGHI complex in which the NarGH dimer is attached to the cytoplasmic side of the membrane-intrinsic NarI subunit. Although the specifics of holoenzyme maturation and cofactor insertion are outside the scope of this review, it is notable that the NarGHI system-specific chaperone (NarJ) has been shown to bind to the vestigial tat leader of NarG [75] .
Structural diversity of the FCP subunits
The FCP subunit provides a molecular scaffold for four electron-transferring [Fe-S] clusters that shuttle electrons between the catalytic and membrane anchor subunits of an archetypal CISM and form the basis of the ETR connecting the two active sites of these enzymes. As mentioned in Section 1, these clusters are known as FS1-FS4 in sequence of increasing distance from the FS0 cluster of the catalytic subunit. Significant variation exists in the size of the CISM FCP subunit, ranging from 191 residues for the PsrB subunit of Wolinella succinogenes polysulfide reductase (PsrABC) [76] to 512 residues for the NarH subunit of E. coli nitrate reductase A [77] . Of the known CISM FCP subunits, only two have been subjected to scrutiny by redox potentiometry and EPR spectroscopy: the DmsB subunit from E. coli DmsABC [57] [58] [59] 61] and the NarH subunit of E. coli nitrate reductase A [44] [45] [46] 48, 52, 54] . The four [Fe-S] clusters of the FCP subunit are coordinated by four Cys groups (I-IV) with sequences similar to those found in the bacterial eight-iron ferredoxins (C A xxC B x 2-11 C C x 3 C D P) [78, 79] . Coordination by the Cys groups occurs in such a way that iron atoms from each [4Fe-4S] cluster interact with three Cys residues from one Cys group (C A -C C ) and a fourth from a second Cys group (C D ) [80, 81] . In the case of NarH, one of the [Fe-S] clusters, FS4, is a [3Fe-4S] cluster, and is thus coordinated by two Cys residues from one Cys group (equivalent to C A and C C ) and a third (equivalent to C D ) from another. Careful analyses of redox titration data from wild-type and mutant variants of NarH and DmsB have resulted in assignments of the potentiometrically identified clusters to the Cys groups as shown in Fig. 6 . In the case of NarH, the coordination model has been confirmed by X-ray crystallography [7, 9] . The coordination environments of the four [4Fe-4S] clusters of the FCP subunit of FdnGHI have also been determined by X-ray crystallography [8] , but in this case there is an almost complete dearth of spectroscopic and biochemical data to complement the high-resolution structural data.
Inspection of the E m values of the [Fe-S] clusters of NarH and DmsB reveals energy profiles through which electrons must pass on their journey from the MAP subunit to the FS0 cluster of the catalytic subunit [58] . Each cluster in the sequence from FS4 to FS1 (and FS0) must undergo formal reduction during electron transfer. Simplistically, the energy barrier presented by a cluster increases as the ΔE m between it and the preceding cluster in the chain becomes more negative [69] [70] [71] . It is notable that in both NarH and DmsB, the progress of E m values through the FCP segment of the ETR does not follow the expected trend from lower to higher potentials. In both subunits, FS2 has a lower E m value (− 400 mV and − 330 mV, respectively) than all the other components of the ETR, and thus represents the greatest thermodynamic barrier to catalytic electron transfer. The presence of a cluster of unusually low E m value has also been noted in the ETRs of other E. coli respiratory enzymes, such as succinate:ubiquinone oxidoreductase (SQR, complex II) and menaquinol:fumarate oxidoreductase (QFR) [82] [83] [84] [85] [86] . It is possible that the thermodynamic barriers presented by such low-potential clusters may play a role in regulating catalytic turnover under conditions of low thermodynamic driving force. As stated above in Section 2.1, under standard in vitro conditions (i.e., high substrate concentrations), the thermodynamic barrier is unlikely to have a significant influence on electron transfer rates through the ETR.
Fig . 7A shows the results of an SSM comparison of the two currently available CISM FCP structures, NarH and FdnH. As is the case for SSM comparisons of NarG and FdnG, NarH is considerably larger than FdnH (509 versus 289 residues resolved in the respective structures) and contains a core structure of three segments of sequence that structurally align with an rmsd of 1.8 Å over 157 C-α atoms [9] (Fig. 7B ). These three segments comprise two domains that coordinate the [Fe-S] cluster pairs FS1-FS2 and FS3-FS4, respectively. The additional three sequence segments that are absent from FdnH comprise three subdomains that are localized on the surface of the NarGHI dimer of heterotrimers. The role of these surfacelocalized domains in NarH remains unresolved, but as suggested in Section 2.1, they may serve to protect the ETR from damage caused by reactive nitrogen species. Finally, it should also be noted that FdnH also has additional sequence that is not part of the FCP core: there is a segment of sequence towards its C-terminus that forms a transmembrane (TM) segment in the holoenzyme structure [8, 87] .
Structural diversity of the MAP subunits
The MAP subunits exhibit the largest sequence and inferred structural diversity of the three subunits of the archetypal CISM. They range in size from approximately 217 residues for FdnI (Table 1) to 344 residues for the anchor (TtrC) of Bordetella parapertussis tetrathionate reductase (TtrABC). Biochemical and bioinformatic analyses suggest that these subunits may contain two hemes or none. In contrast to what is observed in the MAP subunits of the succinate:ubiquinone oxidoreductases [88] [89] [90] [91] , no CISM MAP subunits are currently known that contain only a single heme. Overall, the presence of heme correlates with the ability of the individual archetypes to participate in redox-linked proton translocation as described in Section 1. In the hemecontaining examples, the Q-site is located distal to the side of the membrane that binds the catalytic and FCP subunits. In these cases, the function of the hemes is to provide a route for transmembrane electron transfer. The MAP subunits in general exhibit much poorer sequence motif retention than that exhibited by the catalytic and FCP subunits. Despite this, by using archetype sequences as bait for BLASTP searches [92] , a large number of CISM MAP sequences can be identified and assigned to enzyme systems with a range of overall architectures.
NarI
Protein crystallography has revealed that E. coli NarI coordinates two hemes and has a transmembrane topology comprising five TM segments [9, 93] (Fig. 8) . One heme is located towards the cytoplasmic side of NarI and is referred to as the proximal heme (heme b P ), whereas the other is located towards the periplasmic side of NarI and is referred to as the distal heme (heme b D ) [54, 94] . The two hemes function as a conduit for electron flow from a Q-site on the distal (periplasmic) side of NarI to the FS4 [3Fe-4S] cluster of NarH which is located on the cytoplasmic side of the membrane [49, 51, 53, 54, 56, 93, 94] . The structure of the protein reveals that the Q-site is located between transmembrane segments 2 and 3 towards the periplasmic side of NarI, and that the hemes are coordinated by four His residues, two of which are located in TM segment 2 and two in TM segment 5. This architecture results in the protons derived from quinol oxidation being released on the periplasmic side of the cytoplasmic membrane. Electrons derived from quinol oxidation at the Q-site are used to reduce nitrate at the Mo-bisPGD active site in a reaction that consumes two cytoplasmic protons. Thus the overall reaction catalyzed is:
Thus, catalytic turnover results in the net translocation of one proton per electron from the cytoplasm to the periplasm.
BLASTP [92] searches against the SWISSPROTand TREMBL databases reveal ∼90 unique sequences showing significant sequence similarity to NarI in ClustalW [95] alignments. These sequences can be assigned to a distinct family of hydrophobic diheme cytochrome b. Completely conserved residues within this family are indicated in Fig. 8 . Although no significant sequence similarity is detected between NarI and the MAP subunits of the other archetypes of the CISM family, significant similarity is detected with the MAP subunit (HdrE) of a subclass of the HdrEDtype heterodisulfide reductases [96] . In Methanosarcina barkeri, HdrE anchors a catalytic subunit (HdrD) that contains an eight-iron ferredoxin motif to the inner surface of the cytoplasmic membrane [97] . Analysis of ∼27 HdrE homologs within the overall NarI family using the TMHMM algorithm (available at http://www.cbs. dtu.dk/services/TMHMM/) [98, 99] reveals the presence of the 5 TM segment core of NarI, as well as an additional N-terminal TM segment.
FdnI/PhsC/CybH
As is the case with NarI, FdnI coordinates two hemes, but the architecture of its core structure is distinct from that of NarI, with the proximal heme (b P ) being coordinated by His residues in TM segment 2 and TM segment 4 ( Fig. 8) , and the distal heme (b D ) being coordinated by residues from TM segment 1 and TM segment 4 [8] . Because FdnG and FdnH are translocated across the cytoplasmic membrane by the tat translocon [100] , they are located on the opposite side of the membrane compared to the NarG and NarH subunits of the NarGHI complex. This arrangement results in heme b P being located towards the periplasmic side of the membrane and heme b D being located towards the cytoplasmic side of the membrane (i.e., the opposite of what is observed in the NarGHI complex). The Q-site is sandwiched between TM segments 3 and 4 in the vicinity of the heme b D towards the cytoplasmic side of FdnI (distal to the FdnGH catalytic dimer). Proton uptake thus occurs from the cytoplasm during formate-dependent quinone reduction, and this results in enzyme turnover contributing to the proton electrochemical potential across the cytoplasmic membrane [5] (Fig. 2) . As indicated in Section 1, the availability of atomic-resolution structures of FdnGHI [8] and NarGHI [7, 9] provides validation of the chemiosmotic redox loop mechanism for the generation of a transmembrane proton electrochemical potential [13] . The overall reaction catalyzed by FdnGHI can be summarized as follows:
Sequence database searches using the E. coli FdnI sequence as bait return N 140 unique hits. These include examples of the MAP subunit (PhsC) of Salmonella typhimurium thiosulfate reductase (PhsABC), which is a CISM archetype, and the CybH subunit of E. coli hydrogenase-1 (MbhSL-CybH), which is not. The core structure of the FdnI family of proteins is supplemented in many holoenzyme structures by a C-terminal TM segment of the FCP subunit that is part of the largely membrane-extrinsic catalytic dimer. In the case of the FdnGHI complex, a fifth TM segment is contributed by FdnH [5, 87] . An almost identical situation exists in the case of the hydrogenase-1 class of enzymes, such as that of W. succinogenes, with the electron transfer subunit (MbhS) contributing a TM segment to a membrane-intrinsic domain that is essentially identical in architecture to that of FdnGHI [101, 102] . In this case, although the electron transfer subunit does not belong to the FCP family, it does provide an electron transfer conduit from a nickel containing catalytic subunit that contains the site of hydrogen oxidation [103] .
The MAP subunit of S. typhimurium thiosulfate reductase (PhsC) also belongs to the FdnI family. This enzyme is another heterotrimeric CISM archetype that is responsible for the reduction of a single thiosulfate to sulfide and a sulfite [104] . However, in this case the anchor is predicted to comprise 5 TM segments, all of which are part of PhsC (Fig. 8) . The FCP subunit, PhsB, does not have a segment of hydrophobic amino acid residues sufficiently long to cross the cytoplasmic membrane. It has been proposed that the fifth TM segment of the membrane-intrinsic domain may be evolutionarily derived from the C-terminal TM segment of the FCP subunit (or the electron transfer subunit, MbhS, of the hydrogenase-1 family) [102] .
A final variant of the FdnI-type architecture is also worth noting. Database mining reveals a number of MAP sequences assigned to FdnGHI type formate dehydrogenases in which the FCP lacks a C-terminal TM segment, and the MAP subunit is 90 Unique sequences belonging to the NarI/HmeC family were mined from the SWISSPROT/TREMBL database using the sequence of Escherichia coli NarI as bait. 28 Sequences belong to the HmeC subgroup, of which 18 are predicted to have 6 rather than 5 TM segments. 140 Unique sequences belonging to the FdnI/PhsC/CybH family were identified using E. coli FdnI and Wolinella succinogenes PhsC as bait. 54 Sequences of these can be categorized as members of the FdnI subgroup, 14 as members the PhsC subunit, and 67 as members of the CybH subgroup. The approximate positions of residues are as indicated.
predicted to have six TM segments. We were able to identify ∼ 18 unique sequences corresponding to this architectural subset, including formate dehydrogenase MAP subunits from Vibrio parahaemolyticus and Alkalilimnicola ehrlichei.
On the basis of the above, the minimum functional membraneintrinsic heme-coordinating domain containing the FdnI architecture appears to be a heme-coordinating 5 TM segment bundle. In the cases where additional TM segments are present, their function is currently unknown.
DmsC/NrfD/PsrC
BLASTP searches using the CISM MAP subunits of E. coli DMSO reductase (DmsABC) and W. succinogenes polysulfide reductase (PsrABC) as bait yield a set of 91 unique sequences that appear to share an identical overall architecture (Fig. 9) . Each subunit is predicted to comprise 8 TM segments, and in the case of DmsC, this prediction is backed up by experimental results from β-lactamase (blaM) and alkaline phosphatase (phoA) gene fusions [105, 106] . In addition to the two CISM archetypes, members of the NrfD subunit of the NrfABCD nitrite reductase system were identified as being members of the same overall family as DmsC and PsrC. In this case, however, NrfD forms a complex with an FCP subunit (NrfC) that does not form a catalytic dimer with a CISM catalytic subunit. Instead, NrfC interacts with a dimeric pentaheme cytochrome c subunit (NrfB) which shuttles electrons to a second dimeric pentaheme cytochrome c (NrfA) that contains the site of nitrite reduction [107, 108] .
With one important exception, bioinformatic and biochemical data suggest that the DmsC/NrfD/PsrC family of MAP subunits interact with partner subunits on the periplasmic side of the cytoplasmic membrane. In many cases, this is based on the presence of a tat leader sequence at the N-terminus of one of the partner proteins which directs the fully folded prosthetic group containing protein to the tat translocon [10, 11, 74] . However, controversy still surrounds the location of the catalytic dimer (DmsAB) of DmsABC, with a significant body of evidence suggesting that DmsAB is located at the cytoplasmic surface of the cytoplasmic membrane [60, 106] . Contradictory data have been obtained by expressing histidine-tagged DmsAB in a ΔdmsC mutant [109] . In this case, DmsAB is detected in the periplasm by immunoblotting with an anti-histidine tag antibody, implying that it is attached to the periplasmic side of the membrane in the DmsABC holoenzyme. When a similar experiment is performed with non-tagged DmsAB, it remains cytoplasmically localized [110] . Bioinformatic analyses can also provide insights into the overall topology of DmsABC. Analysis of sequence conservation within the DmsC family of proteins, in comparison with the MAP subunits of range of well characterized bacterial redox enzymes, reveals that conserved residues that may define subunit-subunit interactions are biased towards periplasmically localized loops between TM helices [111] . This implies a periplasmic location for the DmsAB dimer.
In the proposed topology of DmsC [105] , amino acid residues proposed to be involved in menaquinol binding and oxidation are localized towards the periplasmic side of the subunit. These include DmsC-H65 that has a proposed location towards the periplasmic end of TM segment 2 [61, 112] and DmsC-E87 that has a proposed location towards the periplasmic end of TM segment 3 [113] . Given that there is no evidence for the presence of hemes in DmsC that might be able to form an electron-transferring conduit from a periplasmically oriented Q-site to the [Fe-S] clusters of the FCP subunit (DmsB), the simplest explanation for the apparently conflicting sets of data is that the DmsAB catalytic dimer is indeed localized on the periplasmic face of the cytoplasmic membrane. This conclusion is all the more compelling when the DmsABC system is compared to the NrfABCD system, in which the DmsC-like MAP (NrfD) clearly interacts with a periplasmically oriented DmsBlike FCP subunit (NrfC) [27] .
TtrC
Tetrathionate reductase (TtrABC) has a MAP subunit that is predicted to have 9 TM segments. BLASTP searches using the sequence of TtrC as bait return a relatively small number of 10 unique sequence hits in the SWISSPROT and TREMBL databases. Sequence similarity within this group appears to be clustered towards the periplasmic side of the cytoplasmic membrane, consistent with the catalytic TtrAB dimer being directed by the tat leader sequence on TtrA to the periplasmic compartment (Fig. 9) . Given the relative lack of biochemical data on TtrABC systems [114] , it is not clear if any of the sequences identified as members of the TtrC family are involved in other redox systems.
Comparison of the conserved residues indicated in the DmsC/ NrfD/PsrC family with those of the TtrC family reveals that the two may be related. However, a number of conserved residues within the TtrC family are not conserved in the DmsC/NrfD/ PsrC family and vice versa (Fig. 9) , and there are no conserved heme-coordinating His residues to provide additional evidence of relatedness. Overall, it is possible that the architecture of TM1-TM8 in both cases may be essentially identical.
Variations on the CISM theme
One remarkable aspect of prokaryotic electron transfer chain enzymes is the way individual subunits evolved to take on specific functions such as soluble substrate redox reactions, electron transfer, quinone redox chemistry, and bioenergetically specific quinone-dependent proton deposition and uptake. As stated above, in the CISM family of enzymes, these functions are carried out by the catalytic, FCP and MAP subunits, respectively. However, evolution has resulted in considerable mixing and matching of these subunits throughout a range of redox enzymes. A consequence of this is that structural modules of the CISM archetypes appear in a diverse range of enzymes [107, 115] (Fig. 10 ; Table 2B ). The catalytic subunit architecture appears in soluble oxidoreductases such as E. coli TMAO reductase (TorA) [116, 117] and Rhodobacter DMSO reductase (DorA) [14, 15] , or they can pair up with electron transfer subunits containing hemes (E. coli periplasmic nitrate reductase, NapAB [33, 65, 118] ) or Rieske-type [2Fe-2S] clusters (Alcaligenes faecalis arsenite oxidase (AoxAB) [119] ). In the case of the tungsten-containing formate dehydrogenase from Desulfovibrio gigas (W-FdhAB), the catalytic subunit pairs up with a subunit similar in structure to that of the archetypal FCP, except that it contains only three [4Fe-4S] clusters and is referred to herein as a three-cluster protein (TCP) [120] . In the ethylbenzene dehydrogenase from Aromatoleum aromaticum, a catalytic subunit (EbdA) and an FCP subunit (EbdB) form a complex with a cytochrome b subunit (EbdC) [39] . The FCP subunit is conserved in additional respiratory systems that do not contain a Mo-bisPGD binding subunit. For example, in the NrfABCD nitrite reducing system of E. coli, the FCP subunit (NrfC) appears to be attached to a membrane anchor (NrfD), but electron transfer to a soluble nitrate-reducing cytochrome c (NrfA) is mediated by a cytochrome c subunit (NrfB) that appears to be part of the membrane-associated complex of this system [26, 107] . In another variation on this theme, in a Desulfovibrio vulgaris hydrogenase system, an FCP subunit interacts with a high molecular weight cytochrome c (Hmwc) [121] [122] [123] , which is likely to interact with a soluble periplasmic hydrogenase (comprising PhfL and PhfS) [107] . Thus, the FCP subunit is of particular importance due to its occurrence in multiple respiratory chains in a range of bacteria. Two final cases of subunit modularity involve large multisubunit (N 3) assemblies. The first is the formate hydrogen lyase of E. coli (FHL), in which the catalytic subunit interacts with an FCP (HycB), which itself interacts with multiple components of the E. coli hydrogenase-3 encoded by the hycABCDEFGHI operon. The second is the unique case of the NuoG/Nqo3 subunit of prokaryotic and mitochondrial complex I, in which the overall structure of the catalytic subunit is retained as a component of the membraneextrinsic arm of the complex, but where the Mo-bisPGD cofactor itself has been lost during evolution [124, 125] . Selected examples of these variations are described in more detail below.
Enzymes that contain a CISM catalytic dimer
A number of bacterial enzymes exist that contain one or more subunits of the archetypal CISM architecture (Table 2B , Fig. 10 ). An important subclass of these includes those enzymes that contain the catalytic and FCP subunits. These have an overall architecture comprising only the CISM catalytic dimer, or they may comprise a CISM catalytic dimer complexed with a non-membrane integral cytochrome b subunit. An example of the former case is the periplasmic tungsten-containing formate dehydrogenase (W-FdhAB) of D. gigas [120] . An example of the latter is found in the Rhodovulum sulfidovilum dimethylsulfide dehydrogenase (DdhABC) [67, 68] .
Sequence and biophysical analyses suggest striking similarities between the core architecture of the CISM catalytic dimer subunits of DdhABC (DdhAB) and that of the archetypal heterotrimeric CISM enzymes [67] . DdhAB contains a MobisPGD cofactor along with a complement of 5 predicted [Fe-S] clusters, with FS0-FS3 being [4Fe-4S] clusters and FS4 being a [3Fe-4S] cluster. The presence of a tat leader sequence directs the DdhAB subunits to the periplasmic compartment, where they associate with a soluble monoheme cytochrome b to form a functional heterotrimer. Sequence analyses suggest that the latter subunit appears to be directed to the periplasmic compartment by the sec system. It is notable that in this case both the tat and sec systems appear to be necessary for the translocation and assembly of mature DdhABC. Thauera selenatis selenate reductase (SerABC), Ideonella dechloratans chlorate reductase (ClrABC), and Azoarcus sp. EB1 ethylbenzene dehydrogenase (EbdABC) appear to have a similar subunit composition to that of DdhABC. The structure of the EbdABC complex from A. aromaticum has recently been reported, confirming previous predictions of the cofactor compositions of this group of enzymes [39] . In the case of EbdABC, no sec leader is predicted for the EbdC subunit, suggesting that in this case the entire trimer may be translocated by the tat system. This suggests an evolutionary convergence of subunit assembly to the cytoplasmic compartment, resulting in an increase in the number of "passenger proteins" that are directed to the periplasmic compartment by a single tat signal sequence attached to only one subunit of the multisubunit complex.
D. gigas formate dehydrogenase (W-FdhAB) is an enzyme comprising a CISM catalytic dimer with a W-bisPGD cofactor and FS0 cluster in the catalytic subunit (W-FdhA) paired with an FCP-related subunit (W-FdhB) that contains only three [Fe-S] clusters (FS1-FS3) [120] . It can thus be referred to as a TCP. The W-FdhAB catalytic dimer is directed to the periplasmic compartment by a tat leader located at the N-terminus of W-FdhA and is believed to donate electrons derived from formate oxidation to a periplasmic cytochrome c that co-purifies with the W-FdhAB dimer [126] [127] [128] . Comparison of the N-terminal sequence of the co-purified cytochrome c subunit [128] with the SWISSPROT/TREMBL databases reveals it to be a tetraheme cytochrome c 3 [129] .
Another important variant of the CISM catalytic dimer architecture is presented by the pyrogallol-phloroglucinol transhydroxylase (PgtLS) of Pelobacter acidigallici. The interconversion of pyrogallol and phloroglucinol does not constitute a net redox reaction, but the reaction mechanism combines an oxidative hydroxylation with reductive dehydroxylation via the Mo-bisPGD cofactor [130, 131] . PgtLS comprises a modified CISM catalytic dimer in which a Mo-bisPGD cofactor is present in PgtL, along with FS1, FS2, and FS3 in PgtS, but FS0 and FS4 are absent [132] . Thus, as is the case with W-FdhAB, the FCPrelated subunit is a TCP. Another interesting feature of PgtLS is that its TCP subunit contains a C-terminal domain with a fold similar to that of the cell-adhesion protein fibronectin III [133] . Based on this similarity, it has been suggested that PgtLS is membrane associated via this additional domain [130, 132] . The vestigial nature of the FCP-related TCP subunit and the absence of FS0 from its catalytic subunit suggest that the PgtLS enzyme architecture arose via an evolutionary degradation of the cluster composition of a typical FS0-FS4 ETR.
It is notable that when the structure of NarH (1Q16, chain B) is used as bait to search the entire PDB (www.pdb.org) archive using the SSM server, the structure of the FCP-related subunit PgtS is the closest structural homolog of NarH in the PDB archive. The structure of NarH aligns to that of PgtS (1TI2, chain B) with an rmsd of 1.7 Å over 177 C-α atoms (out of a total of 274 for PgtS). The tungsten-containing formate dehydrogenase of D. gigas (1H0H, chain B) aligns with NarH with an rmsd of 1.9 Å over 156 C-α atoms (out of a total of 214 for W-FdhB). The bona fide FCP subunit FdnH aligns with an rmsd of 1.8 Å over 157 C-α atoms. Fig. 11 shows the structural alignments of NarH with PgtS and W-FdhB. It has been proposed that the structures of PgtS and W-FdhB arose evolutionarily from an archetypal FCP protein [132] .
Enzymes containing a Mo-bisPGD catalytic subunit
Enzymes containing only the catalytic subunit of the CISM architecture include the periplasmic TMAO reductase (TorA) [116, 117] , the periplasmic nitrate reductase (NapAB) [38, [134] [135] [136] [137] , the cytoplasmic biotin-d-sulfoxide reductase (BisC) [138, 139] , and the cytoplasmic arsenite oxidase (AoxAB) [119, 140] . These enzymes have been reviewed extensively (see [16, 140, 141] ), and their catalytic subunit structures very similar to those available for DorA [14, 15] . The following points warrant mention in the context of this review. (i) NapB forms a heterodimer with NapA, but NapB is translocated to the periplasmic compartment via the sec translocon, whereas NapA is translocated via the tat translocon. Thus, as in the case of the dimethylsulfide dehydrogenase family, multiple components of the periplasmic nitrate reductase appear to cross the cytoplasmic membrane via the two primary translocons. (ii) The arsenite oxidase catalytic subunit (AoxB) forms a dimer with a Rieske type [2Fe-2S] cluster containing subunit (AoxA) that has the tat leader at its N-terminus. Thus, in this case, the Mo-bisPGDcontaining subunit is carried across the cytoplasmic membrane by its partner in the arsenite oxidase complex. This contrasts with the vast majority of cases, where it is the Mo-bisPGD containing subunit that bears the tat leader and carries the subsidiary subunits across the membrane as "passenger proteins" [11, 12, 74] .
3.3. Respiratory complex I (NADH:ubiquinone oxidoreductase) contains elements of the CISM catalytic subunit architecture It has been noted that significant similarity exists between the C-terminal sequence of the Nqo3/NuoG subunit of bacterial and eukaryotic NADH:ubiquinone oxidoreductase (complex I) and the archetypal CISM catalytic subunit [125] . Additionally, the N-terminus of Nqo3/NuoG shares sequence similarity with the HoxU subunits of the iron-only hydrogenase from Clostridium pasteurianum [142] and the NAD + -reducing [Ni-Fe] hydrogenase (H 2 :NAD + oxidoreductase) of R. eutropha [143] . The recent determination of the structure of the membraneextrinsic arm of Thermus thermophilus complex I enables direct structural comparisons to be made [124, 144] . Table 2 shows the results of a SSM search of the PDB archive using the structure of Nqo3/NuoG as bait. The FdhF subunit of the E. coli formate hydrogen lyase (FHL) complex appears to be the highest scoring hit with an rmsd of 2.41 Å over 423 C-α atoms. Other high-scoring hits include NapA, AoxB, W-FdhA, PgtL, FdnG, and NarG. An obvious striking difference between the bait structure and the hits is the lack of a Mo-bisPGD cofactor in the former [124] .
The [124, 144] , three of which are located in the N-terminal HoxUlike portion of the subunit. The fourth, N7, is only observed in a Fig. 12 . Sequence alignment surrounding the [4Fe-4S] N7 cluster of complex I. The sequence of the Nqo3 subunit from Thermus thermophilus was used as bait to collect a range of Nqo3 subunit sequences from a broad phylogeny of organisms represented by annotated entries in the SWISSPROT database. The hits were filtered pairwise to remove sequences with ≥70% sequence identity to other hits. The resultant sequence set was aligned using ClustalX [95, 146, 147] subset of bacterial species [145] . It is located approximately 21 Å from the nearest cluster of the Complex I ETR, which is the N5 [4Fe-4S] cluster, and does not appear to be on a plausible route of electron transfer through the complex I ETR [69] . Interestingly, the N7 cluster is located, as is the case with the bacterial CISM catalytic subunits, in close juxtaposition to the large internal cavity that would normally contain the MobisPGD cofactor. Fig. 12 illustrates a sequence alignment of a subset of sequences returned in a BLASTP search using that of Nqo3 as bait. As expected, the four cluster-coordinating Cys residues are conserved with spacings identical to those of the FS0-containing CISM subunits that were used in the alignment (generated using ClustalX [95, 146, 147] ) (cf. panels A and C). In the CISM catalytic subunit family, there is a conserved Lys/Arg located two positions after that of the FS0-coordinating C D residue. In both E. coli DmsABC and R. eutropha NapA, this residue has been demonstrated to be critical for electron transfer to the Mo-bisPGD cofactor [40, 62, 73] . Interestingly, this residue is completely conserved as a Lys in the group of Nqo3/NuoG sequences lacking the N7 cluster (Fig. 12B ) and is conserved in 7 out of 10 sequences that contain the N7 cluster (Fig. 12A) . However, in this group of sequences, there is an absolutely conserved Arg residue four residues after the C D . The role of these conserved basic residues in the Nqo3/NuoG subunit family is currently unknown.
Comparison of the Nqo3/NuoG sequences that contain the N7 cluster with those that do not (cf. Fig. 12A and B) reveals that the C A , C B , C C and C D residues are changed to Asp, Asp, Ser, and Ser, respectively, when no cluster is present. The sequences lacking N7 also appear to have a large number of additional conserved basic and acidic residues in this region of the protein, with 7 conserved Asp/Glu residues and 6 conserved Arg/Lys residues, suggesting that this region of the protein may be stabilized by a large number of salt bridges and/or an unusually extensive hydrogen bonding network.
As noted above, the T. thermophilus Nqo3 subunit aligns structurally with a range of Mo-bisPGD containing catalytic subunits, including those of the CISM archetypes NarG and FdnG. These structural alignments are over 416 C-α atoms with an rmsd of 3.18 Å and over 430 C-α with an rmsd of 2.64 Å, respectively (Table 3) . Fig. 13 illustrates graphical representations of these alignments and indicates the positions of the NarG and FdnG residues that are within 5 Å of the Mo-bisPGD cofactor or the FS0 [4Fe-4S] cluster. A strong correlation is observed between conservation of structure and the positions of residues involved in binding the two CISM catalytic subunit prosthetic groups. These observations support the assertion, based on sequence bioinformatics, that the Nqo3/NuoG architecture is evolutionarily derived from that of the CISM catalytic subunit [125] . It has been noted that the subunits of the hydrogenase components of the FHL complex encoded by the hycA-I operon share extensive sequence and inferred structural similarity with multiple complex I subunits [148] . Thus, the FHL complex comprising FdhF and the multiple subunits of hydrogenase-3 may be an important stepping stone in the evolution of mitochondrial complex I (see Section 6.1).
Systems containing FCP and MAP subunits
The E. coli periplasmic nitrite reductase system catalyzes the 6 electron reduction of nitrite to ammonium [149] . The nitrite reducing component of this system is a pentaheme cytochrome c (NrfA) in which four hemes are coordinated by the classic heme c binding motif (CXXCH), with the fifth ligand binding heme coordinated by a modified CXXHK motif [150, 151] . This subunit accepts electrons from a membrane-bound complex containing a second pentaheme cytochrome c (NrfB), an FCP subunit (NrfC), and a MAP subunit (NrfD) belonging to the DmsC/PsrC/NrfD family. NrfC and NrfD appear to form a heterodimer, with the NrfC subunit providing an ETR through its four [4Fe-4S] clusters from a Q-site located in NrfD to a NrfB-binding site on the surface of NrfC [4, 26, 108] . NrfC is targeted to the periplasmic compartment by a tat leader.
E. coli hydrogenase-1 is a heterotrimer comprising a nickelcontaining catalytic subunit (HyaB) that forms a membraneextrinsic catalytic dimer with an electron transfer subunit (HyaA) that contains three [Fe-S] clusters (it contains two [4Fe-4S] clusters and a [3Fe-4S] cluster [152] ). In the W. succinogenes form of the enzyme, the membrane-extrinsic dimer of HyaAB is clearly directed to the periplasmic compartment by a tat leader at the N-terminus of HyaA [153] . The hydrogenase-1 MAP subunit is a member of the FdnI/PhsC family, with two b-type hemes being coordinated by four His residues located in three TM segments [8, 101, 154] . Although HyaA is not an FCP, it shares the C-terminal TM segment of FdnH that forms part of the 5 TM segment membrane-intrinsic domain that is conserved between HyaABC and FdnGHI.
The final variant of the FCP-MAP architecture to be considered here is part of the hydrogenase system of D. vulgaris [121, 122] . Its CISM-derived subunit comprises a tat-exported FCP (HmcB) anchored to the outside of the cytoplasmic membrane by a 10 TM segment MAP subunit (HmcC). The subunits appear to couple the quinone pool to a periplasmic Fehydrogenase comprising the PhfL and PhfS subunits via a soluble high molecular weight cytochrome c (Hmwc) that contains 16 hemes [155] .
The FCP subunit architecture appears to be present in a relatively large number of bacterial electron transport systems ranging from the CISM archetypes themselves to systems where each of their redox partners is quite distinct from the archetypal catalytic and MAP subunits. However, for unknown reasons, their presence appears to be limited to prokaryotic organisms. In eukaryotes, with the exception of the very long [Fe-S] clustermediated ETR in mitochondrial complex I [124, 144] , the more typical ETR architecture is that exemplified by succinate: ubiquinone oxidoreductase (complex II), which comprises three [Fe-S] clusters [88, 156, 157] .
Phylogenic relationships
Within the archetypal CISMs described above in Section 2 and listed in Table 2A , it is clear that each shares a very similar catalytic subunit and FCP subunit architecture. To obtain a greater understanding of the relationships between members of the catalytic and FCP families, we mined the SWISSPROT and TREMBL databases using the sequences of the CISM archetypes listed in Table 2A as bait (using the BLASTP search engine [92] ). A total of 906 and 910 sequences were returned in these searches. To simplify further analyses by reducing the size of the dataset, these sequences were filtered by pairwise comparison to remove sequences with greater than 70% sequence identity to any other sequence in each set. Each sequence set was then aligned using the ClustalX program [95, 146, 147] , and obvious outliers and truncates were removed. This approach yielded a catalytic subunit sequence set comprising 246 members and an FCP subunit set comprising 207 members. These two sequence sets were aligned and bootstrapped neighbor-joining trees were generated using the ClustalX program. Because the MAP subunits exhibit a far greater divergence of sequence and protein fold than the CISM catalytic and FCP subunits, we have focused our phylogenic analyses on the latter two families of proteins.
The catalytic subunits
Fig. 14 illustrates the phylogenic relationships between the catalytic subunit sequences obtained as described above. The filtered sequence set can be divided into 15 distinct clades. In the absence of available functional information, substrates were assigned to each member of each clade by searching each sequence against the SWISSPROT database (http://us.expasy. org/tools/blast/) using the BLASTP program [92] . The individual clades are summarized as follows.
NarG
The catalytic subunit of the CISM archetype NarGHI is typified by that found in E. coli and is described in more detail in Section 2.1. Members of the NarG family typically comprise approximately 1250 amino acids, rendering them considerably larger than the other CISM catalytic subunits. As described in Section 2.1, the structure of NarG contains a core similar to that found in DorA, and this is supplemented with surface-localized domains that both shield the ETR and provide a relatively narrow substrate binding funnel (Fig. 5) [7, 9] . Additional characteristics include the presence of an FS0 cluster coordinated by an N-terminal Cys group that has until recently proven to be recalcitrant to EPR characterization [43, 55] . The FS0-coordinating Cys group has a conserved His residue at the C A position, and three residues are found between this His and the Cys at the C B position. Additionally, as described in Section 2.1, the protein-Mo ligand is a conserved Asp residue. Finally, this group lacks an N-terminal tat leader. Overall, these characteristics allow facile identification of putative NarG sequences.
NarG sequences were identified in 24 species in the bacterial and archeal domains of life. Sequences were identified in two thermophilic archaea, Pyrobaculum aerophilum and Aeropyrum pernix. Of the bacterial phyla, 12 sequences were identified in phyla lacking an outer membrane (see Section 5 for discussion of bacterial morphology nomenclature), 8 from the Actinobacteria and 4 from the Firmicutes. Bacteria with outer membranes are represented by one Deinococcus-Thermus sequence (from T. thermophilus) and 9 Proteobacteria sequences. The broad distribution of NarG encoded by archeal and bacterial genomes is likely a reflection of the early evolutionary emergence of nitrate respiration.
DdhA/SerA/EbdA
Inspection of Fig. 14 reveals that these sequences represent a number of discrete branches along the branch leading to/from the NarG type subunit architecture rather than being a distinct clade in its own right. However, in contrast to the NarG clade, each possesses an N-terminal tat leader, indicating that each is exported across the cytoplasmic membrane. Catalytic subunits of a number of structurally related derivatives of the CISM architecture are represented in this group. These include catalytic subunits of the R. sulfidophilum dimethylamine dehydrogenase (DdhA) [67, 68] , the T. selenatis selenate reductase (SerA), the I. dechloratans chlorate reductase (ChlA), and the Azoarcus sp. EB1 ethylbenzene dehydrogenase (EbdA) [39] . The organisms encoding these relatively well-characterized enzymes are all members of the Proteobacteria (a total of 4 Proteobacterial sequences were identified). Sequence alignments and structural data in the case of the EbdA enzyme indicate that these subunits are similar to those of the NarG family in a number of respects: (a) the FS0 cluster is coordinated by one His residue and three Cys residues; (b) the protein-Mo ligand is provided by the carboxylate sidechain of a conserved Asp residue.
A total of 13 sequences were assigned to the DdhA/ClrA/ EbdA group. Each of these has 3 residues between C A and C B positions of the FS0-coordinating Cys group, with 6 sequences having the His residue at the C A position. Six sequences share the Asp protein-Mo ligand of NarG, with the ligand in the remaining 7 being unidentifiable or missing from analyses of the sequences. . Overall, the DdhA/SerA/EbdA group has a phylogenic diversity similar to that observed for the NarG clade described above.
Given the use of a 70% identity filter to reduce the size of the sequence dataset studied herein, the appearance of 5 sequences in the DdhA/SerA/EbdA group from D. hafniense is remarkable. This organism is a strictly anaerobic member of the Firmicutes that displays a remarkable metabolic diversity, even by the standards of other facultative and obligate anaerobes [158] . This organism appears to be amenable to gene duplication within its genome via the presence of catabolic transposons. As will be seen below in the descriptions of other clades of subunit sequences related to the archetypal CISM catalytic and FCP subunits, the observation of multiple entries for D. hafniense is a recurring theme. This organism was originally isolated from sites contaminated with halogenated organic compounds [159] [160] [161] , suggesting that it would be a good model system for studies of bioremediation [162] .
DmsA
These subunits correspond to bona fide catalytic subunits of the CISM archetype DMSO reductase (DmsABC) [78] and form a distinct clade of 24 sequences (Fig. 14) . They are distinguished from the soluble periplasmic DMSO and TMAO reductases by the presence of an N-terminal Cys group predicted to coordinate an FS0 [4Fe-4S] cluster. All members retain a tat leader, indicating that they are translocated across the cytoplasmic membrane. As described in Section 2.1, the presence of FS0 has been inferred by comparison with the sequence and structures of the E. coli formate dehydrogenase N (FdnGHI) [5, 8] and nitrate reductase A (NarGHI) [7, 9] . Additional evidence for its occurrence comes from the observation of a [3Fe-4S] cluster by EPR spectroscopy in site-directed mutants [40, 41] , and the observation of spin-spin interactions between the paramagnetic Mo(V) of the Mo-bisPGD cofactor and an adjacent center that can be inferred to be FS0 [62] . The Cys group has a characteristic spacing of three residues between the C A and C B positions. The protein-Mo ligand is typically provided by a conserved Ser residue [63] . All the sequences assigned to the DmsA clade have the above characteristics except for one from D. hafniense (of a total of 6), which has an undefined or absent protein-Mo ligand.
As is the case for the DdhA/SerA/EbdA group, a large proportion of the identified DmsA sequences are from D. hafniense (a member of the Firmicutes)-6 of the 24 identified. An additional Firmicutes sequence is from M. thermoacetica. Two sequences are from the Symbiobacterium thermophilum, a member of the Actinobacteria which has only been observed in a co-culture with a thermophilic Bacillus species [163, 164] . The remaining 12 sequences are from the Proteobacteria.
DorA/TorA/BisC
These enzymes are the respiratory periplasmic DMSO and TMAO reductases (DorA and TorA), and the cytoplasmic biotin-d-sulfoxide reductase (BisC). The periplasmic enzymes are characterized by the presence of a tat leader and a conserved Ser residue as protein-Mo ligand, whereas the cytoplasmic BisC is very similar, except that it lacks the tat leader. The DorA/TorA/BisC clade also lacks FS0 and its associated Cys group. Examples of the periplasmic members of this clade have been crystallized and subjected to extensive analyses by X-ray crystallography [14, 15, 117] . These enzymes have a core structure comprising the 4 domains that form the structural core of the CISM catalytic subunits (Section 2.1).
Thirty-three sequences were identified as being members of the DorA/TorA/BisC clade using the 70% identity cutoff filter. Of these, 26 are targeted for export by a tat leader. These sequences are exclusively from members of the Proteobacteria. When the 7 members of the BisC subset are considered, 6 are members of the Proteobacteria, and one is a member of the Actinobacteria (Rhodococcus RHA1). Based on this relatively narrow taxonomic distribution, it is tempting to suggest that the entire group of DorA/TorA/BisC enzymes arose at a late stage on the microbial evolutionary timescale.
PgtL
This clade includes the pyrogallol-phloroglucinol transhydroxylase (PgtLS), which is notable for its lack of an FS0 cluster in its catalytic subunit (PgtL) and the lack of an FS4 cluster in its FCP-related TCP subunit (PgtS) [132] (Section 3.1) . The protein-Mo ligand is provided by a conserved Ser residue. We identified 5 sequences belonging to the PgtL clade, one from P. acidigallici (a member of the Proteobacteria), and 4 from D. hafniense (a member of the Fermicutes). None of these sequences bear a tat leader.
FdhF
16 Sequences were assigned to the FdhF clade in our analysis. These subunits contain an FS0 [4Fe-4S] cluster that is coordinated by an N-terminal Cys group with two residues separating C A and C B , and the protein-Mo ligand is provided by a Sec residue. These features have been confirmed by X-ray crystallography of the FdhF subunit from E. coli [34] . As indicated in Section 3, FdhF forms part of the formate hydrogen lyase complex (hydrogenase-3) in combination with a number of additional subunits encoded by the hyc operon. Intriguingly, of the 16 sequences assigned to this clade, 5 are fusions of an FS0 and Mo-bisPGD binding superdomain to the C-terminus of a HoxU hydrogenase domain predicted to coordinate one [2Fe-2S] cluster and two [4Fe-4S] clusters. This arrangement is reminiscent of the structure of the Nqo3/NuoG subunit of T. thermophilus complex I [124, 144] , except that the latter subunit lacks a Mo-bisPGD cofactor.
The link between the CISM catalytic subunit architecture and that of the Nqo3/NuoG subunit of complex I is well established [165, 166] (Section 3.3) . In a number of bacterial species, including R. eutropha (a Proteobacterium), a formate dehydrogenase exists that comprises the following subunits: (i) FdsA, which comprises HoxU and CISM catalytic domains; (ii) FdsB, which contains an additional [4Fe-4S] cluster as well as a flavin (FMN) and a NAD + -binding site; and (iii) FdsC, which contains an additional [2Fe-2S] cluster [167] . These subunits share considerable structural and functional similarity with the Nqo3/NuoG, Nqo1/NuoF, and Nqo2/NuoE subunits of complex I [124, 167] . Thus, it is highly probable that the NAD + -oxidizing arm of complex I arose from an FdsABC-type formate dehydrogenase, with the Mo-bisPGD cofactor being lost during its evolution.
In order to gain further insights into the evolutionary link between the CISM catalytic subunit architecture and the Nqo3/ NuoG subunit of complex I, we mined the UNIPROT sequence database using a number of FdsA subunit sequences as bait. These bait sequences were chosen specifically because they contain both the FdhF (CISM catalytic) and HoxU (hydrogenase) domains. We applied an 85% identity cutoff filter to the resultant sequence hits to generate a sequence set of 121 unique sequences. Of these, 81 share the HoxU domain with a FS0 and Mo-bisPGD containing domain similar to FdhF that is predicted to have a Sec as the protein-Mo ligand (they are thus homologs of R. eutropha FdsA). These originate from the Archaea (4 Crenarchaeota and 3 Euryarchaeota sequences), the Firmicutes (20 sequences), the Actinobacteria (2 sequences), the Deinococcus-Thermus (1 sequence), with the remaining 51 being from the Proteobacteria. The broad phylogenic diversity of these sequences suggests that the FdsA formate dehydrogenase architecture arose early in evolution. An additional group of 19 sequences possess the HoxU and CISM catalytic domains, but lack the Sec protein Mo-ligand, and these sequences are identified as members of the Nqo3/NuoG family in BLASTP searches. Of this group, 6 are from the Actinobacteria, as well as one from the each of the Nitrospirae, Chlamydiaea, Acidobacteria, and Firmicutes. The remaining 9 are from the Proteobacteria. None of these sequences are Archaeal in origin, which is consistent with the observation that the complete complex I architecture is absent from this domain of life [168] . Finally, a group of 12 sequences very closely related to the FdhF subunit was identified (containing only the CISM catalytic subunit domain). Of this final group, two are from the Firmicutes and 10 are from the Proteobacteria. Thus, sequence analyses of the FdhF clade of CISM catalytic subunits can provide important insights into the evolution of components of complex I that complement the structural approaches described in Section 3. It should be noted, however that the FdhF clade of Fig. 14 is not adjacent to that of the Nqo3/NuoG clade. This probably reflects a divergence of sequence conservation between the two that corresponds to residues surrounding the Mo-bisPGD binding pocket of the FdhF clade and the vestigial binding pocket of Nqo3/NuoG clade.
NapA
Eight sequences were identified as members of the NapA clade. These include examples of soluble periplasmic (tat-translocated) and cytoplasmic nitrate reductases [169, 170] . Typically, the periplasmic members of this clade form heterodimers with a NapB diheme cytochrome c (Table 2) , whereas the cytoplasmically localized examples are monomeric. This clade contains members of the Proteobacteria (3 sequences), Cyanobacteria (2 sequences), Actinobacteria, (1 sequence), and the Firmicutes (1 sequence). Members of the NapA clade are characterized by the presence of an FS0 [4Fe-4S] cluster and a conserved Cys residue as protein-Mo ligand.
FdnG and W-FdhA
Inspection of Fig. 14 reveals that a single clade has members that are functionally assigned as either catalytic subunits of CISM archetype FdnGHI enzymes or catalytic subunits of the dimeric tungsten-containing formate dehydrogenase of D. gigas [120] . In both cases, the subunits are predicted to contain an FS0 cluster, a conserved Sec protein-Mo ligand, and are predicted to be targeted to the periplasmic compartment by the presence of an N-terminal tat leader. The FdnG subgroup contains 12 sequences, from the Proteobacteria (8 sequences), the Chloroflexi (1 sequence), the Aquificae (1 sequence), and one from an undefined environmental sample. The W-FdhA subgroup comprises 9 sequences, seven from the Proteobacteria, one from the Actinobacteria and one from the Firmicutes. In addition to the differences in subunit composition between the FdnG and W-FdhA groups, sequences from the latter group appear to be largely from thermophilic species.
NuoG/Nqo3/AoxB
This clade contains the few Nqo3/NuoG (7 sequences) hits returned using the archetypal CISM catalytic subunits as bait. As discussed above, the Nqo3/NuoG sequences appear to have arisen from a gene fusion event involving a HoxU-type subunit. None of these sequences has an identifiable protein-Mo ligand, and in the complex I from T. thermophilus, an empty (water filled) cavity exists in a location equivalent to the Mo-bisPGD of the archetypal CISM catalytic subunit [124] . An additional sequence assigned to this group is the catalytic subunit of Cenibacterium arsenoxidans arsenite oxidase (AoxB) [119] . This subunit lacks a protein-Mo ligand and has a [3Fe-4S] cluster as its FS0 cluster, which is coordinated by an incomplete Cys group lacking the fourth Cys residue (C D ). Additionally, it forms a functional dimer with a subunit (AoxA) containing a Rieske-type [2Fe-2S] cluster that directs the complex to the periplasmic compartment via a tat leader at its N-terminus. Members of the Nqo3/NuoG clade have a fairly broad taxonomic distribution, but are lacking from the Archaea (4 Proteobacteria, 1 Deinococcus-Thermus, and 2 Actinobacteria).
Undefined-1
Clear functional assignments could not be made for two clades of Fig. 14 based on BLASTP searches. The first such clade, labeled as Undefined-1 in Fig. 14, has 13 members that are broadly similar to the catalytic subunits of the PhsABC, PsrABC, and DmsABC CISM archetypes. Nine sequences have a tat leader, whereas 4 do not. All are predicted to coordinate a [4Fe-4S] FS0 cluster and with one exception, they each have a Cys residue as protein-Mo ligand (the exception being undefined). Six sequences are from the Proteobacteria, 2 from the Chlorobi, 2 from the Firmicutes, 2 from the Actinobacteria, and 1 from the Chlorflexi.
TtrA
23 Sequences were assigned to the tetrathionate reductase catalytic subunit clade: 14 were from the Proteobacteria, 4 from the Firmicutes, 2 from the Chlorflexi, and 3 from the Archaea. Based on this taxonomic range, it is likely that the TtrABC architecture arose early in evolution. Each sequence bears an Nterminal tat leader, is predicted to coordinate an FS0 [4Fe-4S] cluster, and to have a Cys residue as its protein-Mo ligand. The active site of TtrABC catalyzes the reduction of tetrathionate to thiosulfate [114, 171] , which is itself reduced to sulfide and sulfite by thiosulfate reductase (PhsABC) (see below).
PhsA (without a tat leader)
9 Sequences appear in a clade whose members are catalytic subunits of the thiosulfate reductase CISM catalytic subunits. Each sequence lacks a tat leader, is predicted to coordinate an FS0 [4Fe-4S] cluster, and to have a Cys protein-Mo ligand. All sequences are from the Proteobacteria, implying their appearance at a fairly late stage of evolution. A thiosulfate reductase with a putative cytoplasmic catalytic subunit would require the presence of a thiosulfate transport system, such as that encoded by the cysPTWA-type operons of E. coli and S. typhimurium [172, 173] . BLASTP searches using the sequence of the periplasmic thiosulfate binding protein (CysP) as bait reveal that thiosulfate uptake systems are widespread amongst the Proteobacteria.
4.1.13. PhsA/PsrA (with a tat leader)
23 Sequences appear in a clade with individual members being assigned as catalytic subunits of polysulfide or thiosulfate reductases. These PsrABC and PhsABC enzymes are CISM archetypes. Each member of this clade has an N-terminal tat leader, is predicted to coordinate a FS0 [4Fe-4S] cluster, and to have a Cys residue as protein-Mo ligand. 12 Members of this clade are Proteobacteria, 3 are Firmicutes, 3 are Chlorobi, one is a Deinococcus-Thermus, and 4 are from the Archaea. This relatively broad taxonomic range implies the emergence of this overall class at a relatively early stage of evolution.
Undefined-2
The final clade of CISM catalytic subunits comprises 28 sequences that are variously identified as homologs of the E. coli DmsA paralog YnfE, tungsten containing formate dehydrogenase (W-FdhA), PhsA, DdhA (dimethylamine dehydrogenase), and SerA (selenate reductase). With the exception of two YnfE homologs from D. hafniense, none of these sequences bears a tat leader, and all appear to have a Cys residue as protein-Mo ligand. Ten of the sequences are from D. hafniense. Interestingly, 5 sequences, 4 from D. hafniense and 1 from Desulfuromonas acetoxidans (a Proteobacterium) have an incomplete Cys group lacking a C A . 14 Sequences are from the Proteobacteria, 11 from the Firmicutes (including 10 from D. hafniense), and 2 are from the Planctomycetes (Candidatus Kuenenia stuttgartiensis).
A final novel feature of this clade is that 3 sequences (from C. Kuenenia stuttgartiensis (Planctomycetes), Magnetococcus sp. MC-1 (Proteobacterium), and Geobacter sp. FRC-32 (Proteobacterium)) have a C-terminal NifS domain (Cys desulfurase). Also, two Proteobacteria sequences (from R. eutropha and Burkholderia cepacia) have C-terminal fusions to a domain resembling the FAD-binding domain and NADH-binding site of nitric oxide dioxygenase (HMP) [174] . Fig. 15 illustrates the phylogenic relationships between the FCP subunit sequences obtained as described above. Because of the more general function of the FCP subunits in ETR delineation between active sites in comparison with the varied substrate specificities of the proteins related to the CISM catalytic subunits, fewer distinct clades are observed for sequences identified as being FCP subunits (9 versus 15). Members of the individual clades are summarized as follows:
The FCP subunits
4.2.1. NarH
As described in Section 2.2, a typical NarH subunit comprises three blocks of core sequence that provide coordination for the FS1-FS4 clusters of the ETR, along with three additional surfacelocalized subdomains. A tat leader is absent, and the third Cys group (Group III) has a Trp residue at the C B position. The NarH clade of Fig. 15 contains 28 sequences that share these characteristics. Not surprisingly, the taxonomic diversity of NarH sequences reflects that observed for NarG, with 2 Archaea, 12 Actinobacteria, 5 Firmicutes, one Deinococcus-Thermus, and 8 Proteobacteria being represented. As is the case with the NarG clade of Fig. 14 , this taxonomic range supports the assertion that the NarGHI architecture likely arose at an early stage of evolution. None of the NarH sequences bears an N-terminal tat leader.
DdhB/SerB/EbdB
As is the case for the catalytic subunit clade comprising DdhA, SerB, and EbdA sequences, this clade branches off the NarH clade and is closely related to it. Five sequences were identified as members of the DdhB/SerB/EbdB, one from the Fig. 15 . Phylogenic analysis of the FCP and related subunits. Sequences were mined and analyzed as described in the text.
Archaea and the remaining 4 from the Proteobacteria. Each of these is predicted to coordinate three [4Fe-4S] clusters (FS1, FS2, and FS3) and one [3Fe-4S] cluster (FS4). The predicted presence of a [3Fe-4S] cluster is explained by the presence of a His, Tyr, or Ala at the C B position of Cys group III. These predictions are supported by EPR characterization of the DdhABC enzyme from R. sulfidophilum [68] and the determination of the structure of EbdB subunit of ethylbenzene dehydrogenase from A. aromaticum [39] . None of the identified DdhB/SerB/EbdB sequences bears an N-terminal tat leader.
PgtS
This clade has members that are identified on the basis of BLASTP searches as being TCP subunits of pyrogallolphloroglucinol transhydroxylase-type enzymes. As is the case for the PgtL clade of Fig. 14 , the identified PgtS sequences of Fig. 15 arise from two organisms: one from P. acidigallici (a Proteobacterium) and 4 from D. hafniense (a Firmicute). Members of this clade have an incomplete Cys group III which lacks C A-C , as well as lacking C D from Cys group II, resulting in an absence of the FS4 cluster [132] . As indicated above, the PgtLS enzyme also lacks an FS0 cluster in its catalytic subunit (PgtL). As mentioned in Section 3.1, it is possible that the PgtLS dimer is anchored to the cytoplasmic membrane by a C-terminal domain with a fold similar to that of the cell-adhesion protein fibronectin III [133] .
NrfC/PsrB/TtrB/PhsB
This clade contains a large number of sequences (73) that are identified as being members of the NrfC, PsrB, TtrB, and PhsB families on the basis of BLASTP searches or their annotations in the SWISSPROT database. Each protein sequence is predicted to coordinate 4 [4Fe-4S] clusters. Of these, those assigned as being NrfC sequences are predicted to be directed to the tat translocon by an N-terminal leader sequence. Given the large number of sequences assigned to this clade (based on the 70% identity filter), it is not surprising that a wide phylogenic range is represented: 44 sequences were from the Proteobacteria, 12 were from the Firmicutes, 1 from the Aquificae, 6 from the Archaea, 5 from the Chlorobi, 1 from the Chloroflexi, 2 from the Actinobacteria, 1 from the Deinococcus-Thermus, and 1 from the Acidobacteria. The wide taxonomic range observed in this clade is a reflection of the utility of the FCP architecture in defining effective ETR systems in a range of enzyme systems. A total of 31 sequences within this clade have an N-terminal tat leader. 
HycB
9 Sequences were assigned to this clade, 2 of which are from the Archaea, with the remainder being from the Proteobacteria. HycB functions as part of the E. coli FHL complex as an electron transfer module, linking the FdhF subunit (formate dehydrogenase) to the hydrogenase-type subunits of the complex (hydrogenase-3). One of the sequences in this clade encodes an FCP subunit of a carbon monoxide dehydrogenase from Rhodospirillum rubrum [175] .
HybA/Hmc2
24 Sequences were assigned to this clade. Functionally, these sequences appear to comprise FCP subunits of the electron donor system in the hydrogenase system corresponding to hydrogenase-2 of E. coli or the periplasmic hydrogenase of D. vulgaris. In addition to coordinating four [4Fe-4S] clusters, these sequences each have a TM segment located towards their C-termini (predicted using the EMBOSS tmap program [176] ). Fourteen of the sequences bear an N-terminal tat leader. 4 Sequences within this clade are from the Firmicutes, 1 from the Chloroflexi, 1 from the Actinobacteria, 5 from the Acidobacteria, and 13 from the Proteobacteria.
FdnH
27 Sequences appear in a well-defined clade with members being assigned as FdnH sequences on the basis of BLASTP searches. Like the HybA/Hmc2 clade, these sequences are predicted to have a C-terminal TM segment. A tat leader is lacking in all except 4 of the sequences. Sequences were identified from 1 Archaea, 4 Firmicutes, 4 Actinobacteria, 1 Aquificae, 1 Acidobacteria, and 13 Proteobacteria. An additional sequence was from an undefined environmental sample. This taxonomic distribution is slightly wider than that observed for the FdnG catalytic subunit clade (Fig. 14) . The FdnH clade includes an Archaeal member (from P. aerophilum) that is lacking from the FdnG clade, as well as members of the Firmicutes. Four of the 27 members of this clade are predicted to have a tat leader.
W-FdhB
Nine sequences were identified as being electron transfer subunits of tungsten-containing formate dehydrogenases (WFdhAB) such as that found in D. gigas. By virtue of their incomplete Cys group III, which lacks C A -C C , and a Cys group II which lacks C D , these subunits are predicted to coordinate three [4Fe-4S] clusters and are thus deemed to be TCP subunits that lack FS4. All 9 sequences are from the Proteobacteria, with 7 from Desulfovibrio strains, and two from Syntrophobacter fumaroxidans. As is the case for the FdnG and FdnH sequences, a strict correlation does not exist between the taxonomic distributions of the W-FdhA and W-FdhB sequences. Also, it is notable that the two clades of TCP sequences (PgtS and W-FdhB) are not adjacent in Fig. 15 , suggesting that the TCP architecture may have arisen at least twice during the evolution of the bacterial species for which sequence information is currently available (convergent evolution). Eight of the nine sequences lack a tat leader.
Soluble periplasmic molybdoenzymes and bacterial cell envelope morphology
As indicated in Section 3, soluble periplasmic molybdoenzymes that share the CISM catalytic subunit architecture can exist as monomers, or they can pair with an additional subunit to form soluble dimers. In both cases, the Mo-bisPGD containing subunit is targeted to the periplasmic compartment by the tat translocon. The large amount of sequence data on the CISM enzymes and relatives presents an excellent opportunity to investigate if there is a correlation between the existence of soluble exported MobisPGD-containing enzymes and the presence of an outer membrane. To address this, we used a subset of subunits of the enzymes as described in Table 2 , some of which are soluble and others of which are membrane associated in multisubunit complexes. The results of our analyses are summarized in Table 4 . Because a significant number of species possessing outer membranes are reported as lacking one on the basis of the Gram stain, we are reluctant to use the "Gram positive"/"Gram negative" terminology herein. Our assignment of the presence of an outer membrane is based on reported morphological studies of representative members of individual bacterial phyla.
In order to test our hypothesis, we chose a number of soluble Mo-bisPGD containing subunit families whose members are either located in the periplasm (NapA and TorA/DorA), or the cytoplasm (NarB and BisC). As controls, we used molybdoenzyme catalytic subunits that are parts of membrane-bound multisubunit complexes, including the CISM archetypal catalytic subunits NarG (of NarGHI), DmsA (of DmsABC), PsrA/PhsA (of polysulfide reductase, PsrABC, and thiosulfate reductase, PhsABC). Of these control subunits, NarG is clearly located on the inside of the cytoplasmic membrane and PsrA and PhsA are located on the periplasmic side of the cytoplasmic membrane. As described in Section 2.3.3., some controversy continues to surround the actual location of the DmsA subunit of the DmsABC complex, although it is likely to be attached to the periplasmic side of the membrane. Sequences were mined from the UNIPROT sequence database (http://www.ebi.ac.uk/ UNIPROT/index.html) and hits were filtered by pairwise comparison with a 95% identity cutoff filter. The presence of a tat leader was deemed to result in a periplasmic functional location for all the proteins analyzed.
The NapA and NarB families were selected because members of the former are tat-targeted periplasmic free floaters (as dimers with NapB subunits), whereas members of the latter are soluble and cytoplasmically localized. These enzymes participate in dissimilatory and assimilatory nitrate reduction, respectively, and are predicted on the basis of sequence alignments to have essentially identical overall structures. In the case of NapA, our dataset comprises 85 sequences, of which 83 are from bacteria possessing an outer membrane, indicating that there is a strong bias against finding tat-targeted NapA sequences in bacterial species lacking an outer membrane (a ratio of 41.5:1). The two organisms identified that appear to have a soluble exported NapA-type nitrate reductase are S. thermophilum [163, 164] and D. hafniense [158] . It is not clear why these species appear to export NapA-type subunits, but the former has only been observed in a co-culture with a thermophilic Bacillus strain, and the latter is notable for the large number of redox enzymes a Soluble enzymes are defined as those which are not part of a membrane-bound complex. b The Tat leader sequence was identified by inspection of ClustalX sequence alignments. c BlastP searches were used to identify sequences belonging to the individual catalytic subunit families, and these were retrieved from the UNIPROT sequence database. To avoid duplication, the sequence sets were filtered by pairwise comparison to remove sequences with greater than 95% sequence identity to any other sequence in each set. Multiple sequence entries from single species were treated as single entries for the purposes of this analysis. Sequence mining was completed in March 2007.
d To avoid confusion, we do not use the "Gram positive"/"Gram negative" nomenclature. Species with outer membranes were identified on the basis of morphological studies or the presence of readily identifiable outer membrane proteins encoded by their genomes. The following domains/phyla were deemed to lack outer membranes: Archaea, Fermicutes, Actinobacteria, and Planctomycetes. The following bacterial phyla were deemed to have outer membranes: DeinococcusThermus, Chloroflexi, Cyanobacteria, Spirochetes, Bacteroidetes, Chlamydiae, Aquificae, Acidobacteria, Fusobacteria, Thermotogae; and Nitrospina.
e Ratio of number of sequences from strains having an outer membrane to the number of sequences from strains lacking an outer membrane. f Summary data obtained from www.genomesonline.org, and the presence of an outer membrane was determined as described in Footnote d.
encoded by its genome. The cytoplasmic NarB dataset comprises 36 sequences, of which 28 are from species having an outer membrane and 8 were from species lacking one, a ratio of 3.5:1. Overall, analyses of the NapA and NarB families of catalytic subunits support the hypothesis that exported soluble molybdoenzymes are largely confined to bacteria possessing an outer membrane. The TorA/DorA and BisC families mimic the differences observed between the NapA and NarB families. Both are soluble with the former family being tat-targeted to the periplasmic compartment and the latter being cytoplasmic. They catalyze respiratory N-or S-oxide reduction and biotin-dsulfoxide reduction, respectively. In the case of the TorA/DorA TMAO/DMSO reductases, 62 sequences were identified, and all of these are from bacteria possessing an outer membrane. The closely related cytoplasmic BisC family comprises 36 sequences, of which 27 are from organisms possessing an outer membrane and 9 are from organisms lacking one, a ratio of 3:1.
In the case of the control subunits from CISM archetypes, we anticipated that there would be a much greater representation of sequences from organisms lacking an outer membrane. 97 NarG sequences were obtained from UNIPROT, 58 of which were from species possessing an outer membrane and 39 from species lacking one, a ratio of 1.5:1. 41 DmsA sequences were obtained, 33 of which were from species possessing an outer membrane, with 8 being from species lacking one, a ratio of 4.1:1. Finally, we analyzed the PsrA/PhsA polysulfide/thiosulfate reductase family of catalytic subunits. In this case 40 sequences were obtained, of which 33 are from species possessing an outer membrane and 7 from species lacking one, a ratio of 4.7:1.
To estimate the expected ratio between protein sequences from strains having an outer membrane to those lacking one, we analyzed the taxonomic information contained in the Genomes Online Database (www.genomesonline.org). As of March 2007, the sequences of 477 complete bacterial genomes have been reported. Of these, 300 are of species with outer membranes, and 177 are of species lacking an outer membrane, a ratio of 1.7:1 (see legend to Table 3 for details). Of the subunits chosen for analysis, only the distribution of the NarG subunits between the two primary bacterial morphologies is close to that predicted (a ratio of 1.5:1). That this is not observed in the other subunit families, such as the BisC or the DmsA/PsrA/PhsC families is likely to be a consequence of a combination of the evolution of the metabolic pathways involved and evolutionary emergence of the outer membrane itself. Overall, our analysis has clearly demonstrated a bias against the presence of soluble periplasmic molybdoenzymes in species lacking an outer membrane.
6. Evolutionary relationships between the catalytic/FCP subunits and other redox systems 6.1. Relationships between the catalytic subunit architecture and other systems
The complexity of the CISM catalytic architecture, with its complex non-contiguous domain structure, appears to confound facile attempts to understand how it arose, presumably at a very early stage of evolution in the Archaeal domain of life [115] . It is likely the result of a complex series of primordial gene fusion and duplication events. However, as outlined in Section 4.1, the basic architecture can be modified to accommodate a very wide range of water soluble substrate interconversions, ranging from the relatively mundane reduction of compounds such as nitrate to reactions that do not involve a net redox reaction such as the interconversion of pyrogallol and phloroglucinol by P. acidigallici PgtAB [130, 131] . Comparison of the structure of the CISM catalytic subunit with that of the Nqo3/NuoG subunit of Complex I reveals a likely evolutionary relationship between these two families of proteins. The more conventional bioinformatic analyses presented in Section 4.1 reveal that some members of the FdhF clade of catalytic subunits are fused to the C-terminus of a HoxU-type hydrogenase domain, suggesting that the Nqo3/NuoG architecture is derived from such a fusion, after which the Mo-bisPGD binding functionality was lost. Thus, although the origin of the catalytic subunit architecture is unclear, its multifunctional nature has subsequently been exploited by a wide variety of species.
Consideration of the phylogenic distribution of catalytic subunit families containing an FS0 cluster (NarG, for example) with those lacking such a cluster (TorA, for example) reveals that the former group has a wider distribution than the latter (Section 4.1). Thus, it is likely that the four-domain TorA/DorA architecture arose as a simplification of the more complex FS0-containing architecture.
Evolution of the FCP architecture
As indicated above, the archetypal FCP subunit contains four tetranuclear [Fe-S] clusters coordinated by Cys groups similar to those observed in the bacterial 2[4Fe-4S] ferredoxins (Section 2.2 and Fig. 6 ). The evolution of the bacterial 2[4Fe-4S] ferredoxins has been reviewed elsewhere [177, 178] and will not be covered in detail herein. Briefly, it is believed that the original 2 [4Fe-4S] cluster binding domain arose from the interaction of two more-or-less identical peptides, each containing 4 Cys residues. Three Cys residues from one peptide and one from the second coordinates one [4Fe-4S] cluster, whilst the reverse applies to the other cluster [179] . Eventually, the genes encoding the two Cys groups became fused, and the resultant protein loosely resembles the subdomain of the FCP architecture that coordinates FS3 and FS4 (Cys groups II and III, Fig. 6 ). Subsequent evolution resulted in the loss of, for example, one Cys at one of the C B positions to generate a protein coordinating a [4Fe-4S] cluster and a [3Fe-4S] cluster, as is found in the 7Fe ferredoxin from T. thermophilus [180] . Additionally, loss of multiple Cys residues resulted in the complete absence of one of the clusters, as is the case in the [4Fe-4S] cluster ferredoxin from D. africanus [181] . It is evident that many of the genetic events leading to the various architectures observed in the bacterial ferredoxins arose at an early juncture in evolution [179, 182] .
To gain insights into the evolution of the FCP architecture, we extended the SSM approach described in Section 3.1. Instead of searching for structural similarity over the entire C-α structure of the bait used (NarH and FdnH), we allowed additional searches for subdomains to be performed within the PDB archive. Table 5 summarizes the results of these analyses. Not surprisingly, structural alignments are identified between both bait subunits and the PgtS subunit from P. acidigallici and the W-FdhB subunit of D. gigas. Both these hits are TCP subunits lacking FS4. In both cases, hits are observed to two bacterial ferredoxins, the 2[4Fe-4S] cluster ferredoxin from Clostridium acidi-urici (PDB code 1FDN) [183] and the [4Fe-4S] cluster ferredoxin from Desulfovibrio africanus [181] . In the case of NarH, these hits occur with rmsd values of 1.71 Å and 2.27 Å over 49 and 50 residues, respectively. Very similar results were obtained using the FdnH structure as bait (Table 5) . Fig. 16A shows the structural alignments identified by the SSM server using the PYMOL molecular graphics package. The alignments shown are with the FdnH subunit, but essentially similar results are obtained when they are performed with NarH. Fig. 16B shows the structurally aligned sequences separately and illustrates the absence of the cluster corresponding to FS2 in the structure of the D. africanus ferredoxin (1FXR). Inspection of the sequence of this protein reveals degradation of the Cys group corresponding to Cys group IV of the FCP architecture. The second ferredoxin structure, from C. acidi-urici (1FDN), retains two complete Cys groups that are structurally equivalent to Cys groups II and III of the FCP architecture. Fig. 17 shows a graphical representation of the structural alignments, indicating that the D. africanus [4Fe-4S] ferredoxin structurally aligns with protein sequences encompassing Cys groups I and IV, whereas the C. acidi-urici 2[4Fe-4S] ferredoxin structurally aligns with Cys groups II and III.
Similar analyses have been carried out by Kloer et al. [39] on the FCP subunit structure of Azoarcus sp. EB1 ethylbenzene dehydrogenase (EbdABC), clearly supporting the conclusion that the FCP architecture contains structural elements closely related to the bacterial 2[4Fe-4S] ferredoxins.
The lack of a cluster equivalent to FS2 in the D. africanus ferredoxin (1FXR) is intriguing. The explanation for this probably lies in the established evolutionary pathway for the loss of the second [4Fe-4S] cluster in the bacterial ferredoxins to generate either an empty pocket, or a pocket containing an alternative cluster such as a [3Fe-4S] cluster [177, 178] . To further investigate this, we used the 1FXR structure as bait to search the entire PDB database using the SSM server. This search returned a [3Fe-4S] [4Fe-4S] ferredoxin from T. thermophilus (PDB code 1H98) [180] , which aligned with the 1FXR structure with an rmsd of 1.9 Å over 53 C-α atoms (Fig. 18) . Overall, these structural alignments with the bacterial ferredoxins provide important clues as to the evolutionary pathway leading to the FCP architecture ferredoxin. The alignments with the B chain of 1KQF (FdnH) can be summarized as follows: 1FXR aligns with an rmsd of 2.2 Å over 64 C-α atoms, whereas 1FDN aligns with an rmsd of 2.5 Å over 55 C-α residues. In both panels, non-aligned structure is omitted for clarity. a Number of residues aligning with quoted rmsd, out of a total of 509 residues for the NarH subunit and 289 residues for the FdnH subunit.
that complement similar conclusions derived from more conventional sequence-based bioinformatics.
So what is the evolutionary pathway leading to the FCP architecture? Fig. 19A shows a possible route leading from a gene insertion event in which the gene of one 2[4Fe-4S] ferredoxin is inserted between the two Cys groups of another. Such an event would result in a "primordial" FCP. Fig. 19B shows the consequences of such a gene fusion at the protein level, with the clusters of one ferredoxin being equivalent to FS4 and FS3, and those of the other being equivalent to FS2 and FS1. Such a gene fusion would account for the observation of a linear sequence of clusters found in all structures of FCP subunits observed to date. The generation of the TCP architecture (PgtS and W-FdhB) would result from a process similar to that which results in the loss of single clusters from the 2[4Fe-4S] ferredoxins: namely the progressive loss of the Cys residues for coordinating FS4 (Cys group III). Thus, in contrast to the situation with the CISM catalytic subunit architecture, it is possible to trace a plausible evolutionary route from the primordial proteins comprising Cys group containing homodimers all the way to the FCP architecture and on to that of the TCP type of subunit.
Conclusions and outlook
The explosion of bioinformatic data in recent years has been complemented by an abundance of structural data that enables emerging bioinformatic approaches to be used to gain new insights into the CISM archetypes and closely related proteins. In this review, we have attempted to establish the importance of the CISM subunit architectures, particularly those of the catalytic and FCP subunits, in being responsible to a significant extent for the remarkable metabolic diversity of bacteria ranging from "primordial" Archaea to the relatively recently emerged Proteobacteria. The recent growth of the PDB database has enabled us to apply the emerging techniques of pairwise SSM analyses and searches of the entire PDB database. We predict that in the near future such searches will become as important as the more typical sequence-based bioinformatics techniques have become in the last decade or so. The recent exponential growth of completed genome sequences has also enabled us to carry out large-scale analyses of the relatedness of CISM catalytic and FCP subunits, as well as close functional relatives. We have been able to exploit this sequence information to demonstrate a clear correlation between the presence of soluble periplasmic subunits related to the CISM catalytic subunit architecture and the presence of an outer membrane. In this context, it is perhaps not surprising that evolution has selected against the loss of biosynthetically expensive Mo-bisPGD containing enzymes to the bulk milieu.
Unfortunately, existing data and their interpretation do not provide a logical pathway for the evolution of the CISM catalytic subunit architecture. However, it is clear that the FS0 and Mo/WbisPGD containing subunit architecture arose early on in evolution. Evolutionary pathways leading from the catalytic subunit architecture are easier to define. It is clear from our analyses and those of others that there is a clear link between the FdhF formate dehydrogenase, via a gene fusion with a HoxU type subunit, to the Nqo3/NuoG of mitochondrial complex I. Clearly, further efforts will be required to understand the evolution of the seemingly untraceable non-contiguous domain structure of the CISM catalytic subunit. In the case of the FCP architecture, the picture is much clearer, and a pathway leading from a primordial 2[4Fe-4S] cluster-coordinating homodimer to the existing FCP and TCP architectures can be clearly defined.
